Three kinds of A356 based composites reinforced with 3 wt.% Al2O3 (average particle size: 170 lm), 3 wt.% SiC (average particle size: 15 lm), and 3 wt.% of mixed Al2O3-SiC powders (a novel composite with equal weights of reinforcement) were fabricated in this study via a two-step approach. This first process step was semi-solid stir casting, which was followed by rolling as the second process step. Electroless deposition of a copper coating onto the reinforcement was used to improve the wettability of the ceramic particles by the molten A356 alloy. From microstructural characterization, it was found that coarse alumina particles were most effective as obstacles for grain growth during solidification. The rolling process broke the otherwise present fine silicon platelets, which were mostly present around the Al2O3 particles. The rolling process was also found to cause fracture of silicon particles, improve the distribution of fine SiC particles, and eliminate porosity remaining after the first casting process step. Examination of the mechanical properties of the obtained composites revealed that samples which contained a bimodal ceramic reinforecment of fine SiC and coarse Al2O3 particles had the highest
Introduction
The use of Al-Si (in particular A356) alloys in the manufacture of automotive engine components has considerably increased. The main benefits from usage of these alloys is their ease of manufacturability, high wear resistance, low thermal expansion coefficient, good corrosion resistance, low density and improved elevated temperature properties [1, 2] . Although high-strength aluminum alloys have been developed, the addition of alloying elements and microstructural modification, can be costly, contain toxic elements, and often results in properties, which only result in a slight increase in stiffness. The demands for lightweight, high-modulus, and highstrength materials have therefore led to the development of aluminum metal matrix composites (AMMCs) [3] [4] [5] [6] [7] [8] .
Stir casting in the semi-solid state is the most frequently used method for production of particulate AMMCs [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Coating or oxidizing the reinforcement particles, adding some surface-active elements such as magnesium into the matrix, and stirring of metal matrix alloy for an adequate time period during incorporation are some ways used in the semi-solid stir casting process to aid particle incorporation and chemical bonding with the matrix [5, 7, 13, [20] [21] [22] [23] [24] [25] [26] . Coating of the reinforcement is a successful technique used to promote wetting of the particles by aluminum through decreasing the surface energy of the solid-liquid (cSl). In 1981, Rohatgi [27] suggested the usage of copper electroless coating on mica particles for increasing their wettability by molten aluminum. In 1998, Rajan and co-workers studied on the role of particulate reinforcement coating on the wettability and interface characteristics of aluminum metal matrix composites [22] . They reported that the copper coating dissolves into the aluminum matrix to form a solid solution, simultaneously exposing the surface to the melt directly and thereby improving the wettability of ceramic by the aluminum matrix. They have shown the formation of CuAl2 phase, with an endothermic nature, at the interface of matrix/reinforcement. In 2006, Leon and co-workers studied the wettability and spreading kinetics of molten aluminum on copper-coated ceramics using a sessile drop technique [28] . They have shown that after 2 min exposure of copper-coated ceramics by aluminum melt drop that the contact angle decreased to 12.6 and 26 for Al/Cu-Al2O3 and Al/Cu-SiC, respectively. Several mechanical processes including compressing, rolling, extrusion, forging, equal channel angular pressing (ECAP) and accumulative roll bonding (ARB) have been applied to as-cast AMMCs and it has been shown that they can improve the mechanical properties of the AMMCs. The observed improvement in ductility and strength is attributed to associated (a) decrease in porosity content, (b) better interfacial bonding between particle and matrix, (c) separation of agglomerated particles, and (d) refinement of the matrix structure [5, [29] [30] [31] [32] [33] [34] [35] [36] [37] .
Recently, the researchers [38] [39] [40] [41] [42] [43] [44] [45] have been focused on fabrication of a composite materials, which contain ceramic reinforcement particles with bimodal or trimodal particle size distributions. It has been reported in literature [44, 45] that the usage of lower ceramic particle size would lead to a better hardness, yield strength, tensile strength, and wear resistance. As an explanation for this, it is noted as that finer particles provide a higher number of barriers per unit volume compared with composites reinforced with a larger particle size at the same weight percentage. However, it has also been found that decreasing the particle size leads to a higher occurrence of particle agglomeration and a poor particle distribution would be obtained [44, 45] . On the other hand, some of the researchers [41, 45] suggested that the usage of larger ceramic particles improves some mechanical or physical properties and the use of such particles is preferred in specific applications. Deng et al. [46] fabricated bimodal size particle reinforced AZ91 magnesium matrix composites via the stir casting process. They have found that larger particles were more able to produce grain refinement than smaller ones and that the yield strength of the bimodal size SiC/AZ91 composite was higher than that of the single-sized particle reinforced composites. Cerit [47] investigated the low-speed impact behavior of dual particle size aluminum matrix composites reinforced with SiC particles, fabricated via a powder metallurgy route. It was reported from this work that while the dual particle size composite may have improved hardness and impact performance compared to single particle size composite, agglomeration of the finer reinforcement may also have had a negative affect on the hardness and impact behavior. Large particles proved useful in this regard to prevent such agglomerations in the dual particle sized composites. Shen et al. [45] studied the effect of bimodal distribution of SiC particulates on the microstructure and mechanical properties of AZ31B magnesium matrix composites. They have reported that larger-sized SiC particle played a significant role on the reduction of thermal expansion coefficients (CTEs), and the average grain size of the composites reinforced with larger-sized SiC particles was lower than that of the smaller-sized SiC particles reinforced composites. They also reported that both the ultimate tensile strength and yield strength of the AZ91D magnesium alloy increased with the increase of smaller-sized submicron SiC content, while the agglomeration would appear in the composite if the smaller sized SiC content exceeds 2 vol.%. They have concluded that compared with the monolithic AZ31B matrix alloy and a single particle size distribution of SiC reinforced magnesium matrix composites, the ultimate tensile strength and yield strength of bimodal size SiC reinforced magnesium matrix composite were enhanced.
To the best of our knowledge, no attempt has been made to study the effect of bimodal micron sized ceramic particles on the microstructure, tensile behavior, and hardness of A356 aluminum matrix composite, fabricated through semi-solid stir casting followed by the rolling process. In this study, A356 based composites were fabricated via two-step casting process which consisted of semi-solid casting followed by rolling. Coarse Al2O3 and fine SiC particles were separately used as reinforcement for two of the samples; and a novel sample with equal weight mixture of these powders was prepared in order to explore the effect of using a bimodal ceramic particle size distribution on the mechanical properties.
Experimental procedure
A356 aluminum ingot was used as a matrix. Table 1 tabulates the chemical composition of the ingot used in this work as obtained using a M5000 optical emission spectrometer, Focused Photonics Inc., China.
Micron-sized SiC particles with an average particle size of 15 lm and 99.7% purity as well as coarse alumina particles with an average particle size of 170 lm and 99.4% purity were supplied from Shanghai Dinghan Chemical Co., Ltd. China, as the reinforcement. The morphology of these ceramic particles is shown in Fig. 1 . The preparation procedure used for production of the copper coating on the SiC particles via ED was reported in our previous study [20] . Table 2 shows the chemicals, their concentrations, and other process parameters (pH, temperature, and stirring speed) which were used. Four sample types were fabricated in this study for comparison of the effects ceramic addition to the matrix, ceramic type, and bimodal size ceramic particles on the microstructure and mechanical properties of the composites. Table 3 summaries the characteristics of the four sample types prepared in this study and the weight of the ceramic powders before and after ED.
One gram of reinforcement powder for the composite samples was encapsulated carefully in an aluminum foil packet before the stir casting process in order to fabricate a composite with 3 wt.% ceramic powders as reinforcement. The coated powders were wrapped by hand in aluminum foil with a precaution taken not to abrade the coated ceramics. These packets were preheated at 350 C for 2 h in order to remove the moisture and impurities from the powders. The A356 alloy (500 g) was heated to 640 C using a resistance furnace in order to have uniform melt condition. The melt was cooled to 600 C corresponding to a 0.3 solid fraction, based on analysis with Thermo-calc software (see Fig. 2 ) and pervious literature [11] . A ZrO2 coated-stainless steel stirrer was placed below the surface of melt, rotated with a speed of 500 rpm, while high purity argon gas was simultaneously applied as a protective shroud on the melt surface. During the stir-casting process, the aluminum foil packets were added to the vortex center at 600 C during the first minute of the semi-solid stirring. The temperature of the melt was then increased just after packets addition to 630 C, above the melting point of A356 alloy, and the stirring was continued for another 5 min. An addition of 1 wt.% Mg was also added during the ceramic addition feeding process, to improve their wettability by molten metal. The composite slurry in liquid state was poured into a low-carbon steel mold (at 25 C). A schematic of the stir-casting set-up and its bottom-pouring system was shown in detail in Fig. 3 . This figure also shows the central location from which the samples were taken from the composite casting for rolling and subsequent characterization.
Samples of 70 mm length, 15 mm width, and 6 mm thickness were machined from solidified composites before rolling. The machined composite samples were held for 30 min at 500 C in a preheated furnace and then were hot-rolled with four passes and with a thickness reduction of 1 mm per pass (67% reduction) and followed by one cold rolling pass at room temperature with a thickness reduction of 20%, resulting in a final sheet thickness of 1.6 mm. The rolling process was carried out with no lubrication, using a laboratory rolling mill with a loading capacity of 30 tons. The roll diameter was 350 mm and the rolling speed was set at 10 rpm. The tensile tests were performed at room temperature using an Universal tensile testing machine operating at a constant rate of crosshead displacement, with an initial set strain rate of 2 10 3 s 1 . The YS, UTS, and ductility (% elongation to break) were measured and averaged over 3 test samples. The plate tensile specimens had a gauge length of 8.3 mm and were prepared in accordance with ASTM E8M standard. Fig. 4 shows a schematic of rolling process with four hot and one cold roll pass, as well as the dimensions of tensile test samples.
Microhardness testing was conducted according to ASTM E384 using an applied load of 50 g for a 15 s duration. At least ten measurements were taken from the rolled samples. A scanning electron microscope (SEM, Cam Scan MV2300, equipped with EDAX analysis), an optical microscopy (OM, Olympus equipped with digital camera model DP73), and image analyzer software (ClemexVision 3.5) were used for microstructural investigations. For this purpose, the samples were ground, polished, and etched with Keller's reagent (190 ml water, 5 ml HNO3, 3mlHCl, and 2 ml HF). The average porosity contents of the produced samples in as-cast and rolled conditions were determined using the Archimedean method. Fig. 3 . Schematic of stir-casting set-up and the place that the samples were taken from the solidified composite for rolling and characterization. 
Results and discussion
Figs. 5 and 6 show the morphology of copper coated Al2O3 (Fig. 5) and SiC (Fig. 6 ) particles after the ED process. As can be seen, most of the particles were coated by a copper layer. However, some uncoated parts could also be observed in Fig. 5 , showing that the ED process for copper on large alumina particles can be difficult. Our previous study [19] indicated that the quality of copper coating on larger micron sized particles is not as good as on smaller particles. It was reported previously that the deposition time for smaller particles was higher than that for larger particles, indicating that finer particles have more time to be exposed to the deposition process [20] . Line EDAX analysis of Cu-coated alumina particles (see Fig. 5 ) shows the considerable presence of aluminum and oxygen on uncoated parts and the significant presence of copper on coated parts. Fig. 6 shows the morphology of copper-coated SiC particles with smaller average particle size. As can be seen, the particles were coated uniformly with suitable quality. No uncoated parts were detected during characterization of these powders. As noted in Section 2, the coated ceramic particles were incorporated into semi-solid A356 at 600 C followed by stirring in the liquid-state. Fig. 7 shows the OM microstructures (500 magnification, top-view, see Fig. 3 ) of the A356 alloy and the composites after casting but before rolling. Fig. 7a shows the microstructure of as-cast A356 alloy (sample S1) after 6 min stirring and solidification. The microstructure of semi-solid processed Al-Si alloys con sists of an aluminum region (with a-Al globular structure) and eutectic region (with Al/Si eutectic phases). The eutectic region contains Si, Mg2Si as well as other possible embedded inter-metallic particles. Due to the eutectic reaction principles, the Si particles appear in the form of coarse sharp fibers [48] .
Some round equiaxed a-Al grains were observed after solidifica tion, see Fig. 7a , showing that the semi-solid stirring lead to re-ordering of the dendritic structure. Clusters of acicular silicon phase were also observed at the grain-boundaries. It is important to note that a mixture of large a-Al globular grains as well as small equiaxed grains were formed after solidification when the slurry was poured into the mold from semi-solid state. Benefits of the implemented stir casting route in this work, where the metal was poured from the liquid state, include that the mold was easily filled and that a uniform grainsize distribution was obtained. Fig. 7b shows the microstructure of sample S2 containing large alumina particles. As can be seen, the silicon phase formed at the vicinity of alumina particles. Fig. 7c presents the microstructure of sample S3, in which fine SiC particles were incorporated into semi-solid alloy. In some cases, a cluster of particles was incorporated into the metal matrix, and in some cases, these particles were separated. In cases where particles were isolated, these small separated particles may have resulted from being pushed ahead of solidification front with final engulfment and incorporation with the matrix occurring before final solidification. Fig. 7d shows the microstructure of sample S4, in which bimodal ceramic particles with bimodal particle size were incorporated into semi-solid melt of A356. Lower amounts of fine SiC were within clusters (noted by red 1 -colored circles) as well large alumina particles well integrated with the matrix were clearly observed. In order to evaluate the effect of particle type and size on the microstructure and grain size of the composites, Clemex software was used to measure grain size, results of which are given in Fig. 8 .
From this results, it can be seen the fine SiC particles of sample S3 did not affect the average grain size, when compared to the non-reinforced cast A356, while the larger alumina particles of sample S3 did result in restricted grain growth. Sample S4 had the lowest average grain size. This indicates that the finer reinforcement powders were also able to restrict the grain size if they were not clustered as in sample S3. The simultaneous effects of large alumina particles and mostly separated SiC particles for sample S4, therefore, resulted in the formation lower sized grains after solidification.
Optical micrographs of the side of the cast and rolled composites (see Fig. 4 for direction observation) are shown in Fig. 9 . A highly altered composite microstructure was found in these composites. Fig. 9a shows sample S1 without any ceramic particulate reinforcement. As can be seen, fragmented silicon phase was present within the eutectic, with higher sphericity compared to that present before rolling. The silicon and reinforcement phases were aligned with the rolling direction and presented a much more uniform distribution through the matrix. However even after the fivepasses of rolling, clustering of the SiC reinforcement could be observed in some parts. Fig. 9b and c shows that the microstructures of sample S2 contain large alumina particles. The left image (Fig. 9b) shows the presence of the silicon phase with a better distribution around the alumina particles and their alignment along the rolling direction. This image also shows a fragmented fine alumina particle, which was separated during rolling from the larger particle. Fractured silicon particles around the alumina ceramic particle can be seen in this image. The right-hand image (Fig. 9c) , with a higher magnification, shows two large alumina particles which may have resulted from particle fracturing during the rolling process. Fig. 9d shows the OM microstructure of sample S3. By comparing this microstructure with that of Fig. 7c , it can be observed that the rolling process was very effective at separating the fine agglomerated ceramic particles in this size range. These ceramic particles were aligned in a similar manner after rolling to the silicon particles, providing a more optimum uniform distribution in the matrix of A356 alloy. Fig. 9e and f shows the microstructure of sample S4 that contains a bimodal distribution of ceramics particles. The distribution of fine SiC particles was observed to be better in sample S4 than for sample S3 (Fig. 9e) , which might be partly due to the lower amount of SiC (1.5 wt.%) present. Pieces of the copper coating layer were detected in Fig. 9f , see orange-colored particles highlighted by rectangles. This indicates that the coating layer may have detached from the ceramic particles during the rolling process. Fig. 10 shows SEM micrographs of the as-cast composites after 6 min stirring. Fig. 10a and b shows a low (left) and high (right) magnification SEM image of sample S2. A considerable amount of ceramic particles were present in the low magnification SEM image with suitable distribution (left image), while some zones free of particle could be also observed. In addition, this sample also had considerable porosity. The right image (Fig. 10b) is a high-magnification backscattered electron (BSE) of sample S2. This image shows an alumina particle that did not bond well with the matrix perhaps due to insufficient time or perhaps due to subsequent detachment due to the significant differences in thermal expansion coefficients between A356 and alumina. Point-EDAX analysis results showed that the whiter-colored parts in this image were rich in copper, indicating that the coating layer may have separated during the stirring process. Fig. 10c and d shows the micrograph of sample S3 that contained the fine SiC reinforcement. Although particulate clustering was evident in this sample, this sample contained a reasonably uniform distribution of reinforcement as well as discrete locations of porosity. The white-colored parts observed in the right hand image of this sample were similar to those found in sample S2, showing that the copper coating layer may be also be separating in this sample. In addition, porosity could be observed between the agglomerated fine particles where it would be difficult for liquid metal to feed during solidification. Fig. 10e and f shows the microstructures of sample S4 that contained both the alumina and SiC ceramic particles. A reasonably uniform distribution of coarse and fine particles was observed in the low magnification SEM image (the left image) as well as the presence of porosities. The right image shows a small sized SiC particle with a good SiC-matrix interface and some remaining Cu coating. Table 4 shows the relative density of the samples before and after the rolling process. As can be observed, the amount of porosities after casting process is considerable in particular for composite samples. The presence of these pores may have emanated from entrapped gasses during semi-solid stirring, solidification shrinkages, and the lack of ability for feed metal to flow between agglomerated ceramic particles. One of the requirements of using secondary mechanical processes after casting of AMMCs is the elimination of porosities and it can be found in Table 4 that rolling process significantly removed and eliminated the porosities of A356 alloy and its composites. Table 5 shows the mechanical properties of the samples after the rolling process. A significant improvement about 48% in UTS, 59% in YS, 25% in hardness, and in particular 330% in ductility of the as-received ingot of A356 was obtained after semi-solid casting and rolling. However, the hardness value did not increase as much as the three other items. The fragmentation of dendrites and formation of equiaxed grains after semi-solid stirring, and fragmentation of silicon plates and distribution of silicon and reinforcement particles after the rolling process may have contributed to the considerable improvement in the mechanical properties between the as-cast A356 ingot and the sample S1. Table 5 shows that around a 20% increase in the UTS and YS occurred by addition of 3 wt.% Al2O3 to the sample (comparison between S1 and S2), while the ductility for the sample S2 was about 50% lower than that of sample S1. Although the larger alumina particles in sample S2 produce a lower average grain size than sample S3, higher strength, hardness, and ductility were obtained for the sample S3 than sample S2. In contrast with fine SiC particles, large Al2O3 particles are more prone to the fracturing during tensile test, providing a lower strength and ductility in S2. The usage of finer ceramic particles with the same weight percent also lead to an increase in number of ceramic particles and reduced the zones free of particles. In addition, the quality of copper coating on the finer particles was better than on the coarser particles and its direct effect on improved incorporation of the ceramic particles are other strong reasons for the improved mechanical properties of sample S3 above those obtained in sample S2. Based on these four reasons, an increase of approximately 5% increase in UTS and YS does not present as sufficient reason for replacing the large alumina particles with the finer SiC powders. In fact, considerable agglomeration of the fine ceramic particles results in the sample S3 not as stronger as may be expected. However, it should be noted that more than 30% increment was achieved for the ductility of the sample S3 compared with than of the sample S2. Excellent values of UTS, YS, ductility and hardness were obtained for the sample S4 (about a 14% increase for UTS, 24% increase for YS, and a 12% increase for hardness compared with those of the sample S3), which contained the bimodal ceramic particle distribution. The formation of a smaller grain size, a reduction in the agglomeration of fine SiC particles, lower fracturing and possible debonding of the large alumina particles due to their large size and incomplete coating layer, respectively, and a better distribution of ceramic particles in the matrix are four important reasons, which led to improved mechanical properties for the sample S4. Fig. 11a shows the fracture surface of sample S1 that contained no ceramic particles. Small size dimples were observed on the fracture surface with no large facets, confirming the high ductility of this sample. Particle fracture of sample S2 (see Fig. 11b , red-colored rectangles) was evident and this fracturing of the large alumina particles resulted in a composite with lower ductility as compared to the non-reinforced A356 stir casting and rolled sample S1. Sample S2 had the lowest ductility of all of the rolled samples, indicating that the larger particles were more prone for fracturing. However, Fig. 11b showing sample S2, also shows the occurrence of particle-matrix debonding at the interface (see red-colored circles) which would also contribute to the lowering the ductility of this sample. The strength of the metal/ceramic interface should also to some degree depend on the remaining of copper coating on the ceramic particles after stirring. Fig. 11c shows the fracture surfaces of sample S3. The presence of dimples and good bonding between a SiC particle and matrix (see the right image, red-colored rectangle) is evident in this figure. Fig. 11d shows the fracture surfaces of the sample S4, which had the highest strength and hardness results and relatively a similar ductility to the sample S3. 
Conclusions
The effect of using a bimodal size distribution of two types of Cu-coated ceramic particle reinforcement with A356 matrix on microstructure and mechanical properties of the A356 based composites was investigated in this work. The effect of a two-step process, which consisted of semi-solid stir casting and rolling process was also studied. The results obtained are summarized below:
1. Copper electroless coating successfully covered the ceramic particles for their wettability improvement with molten aluminum alloy. However, it seems that due to a different between the deposition times of fine and coarse particles, various coating characteristics was obtained, in which the fine powders presented with a more uniform coating layer. A higher quality for metal-ceramic interface was revealed after casting around Cu-coated SiC particles, in respect with Cu-coated Al2O3 particles, which considerably affected the fracture mechanism in the tensile test samples. 2. Ceramic particle agglomeration was revealed even by using copper coating and 1 wt.% Mg addition after casting and solidification for all the samples in particular for the samples contain fine SiC particles. 3. Large alumina particles provided a disruption to grain growth during composite solidification and resulted in small grain sizes. 4. The bimodal mixture of large alumina particles with small SiC particles resulted in the smallest average grain size between all of the samples. This is expected to be a result of the increased overall number of nucleation (local thermally initiated) sites for grain growth and perhaps restriction of grain growth due to enhanced distribution of the reinforcement particles. 5. A uniform distribution of silicon plates and SiC fine particles was obtained after the rolling process. In addition, an almost complete elimination of porosity was observed after this process. 6. It was revealed that copper coating layer was separated for some particles maybe during the stirring process. This has implications for choice of period of processing before casting as well as final bond strengths between the reinforcement and matrix. 7. A significant improvement in the mechanical properties were obtained for as-received ingot of A356 after semi-solid stir-casting and rolling. A UTS, YS, and hardness from the bimodal composite of 302 (MPa), 237 (MPa), and 144 (HV), respectively were established, which are considerably higher values than those obtained from the single distribution particle size produced composites, meaning that using a mixture of bimodal sized particles would be effective for the mechanical properties improvement in AMMCs. It was also found that Cu-coated SiC reinforced composite had a higher strength and in particular ductility in respect to Cu-coated Al2O3 particles reinforced composite.
